We present here a quantitative way to assess the impact of language-family boundaries on population differentiation and to evaluate the homogeneity of the genetic processes along these boundaries. Our estimator (δa) of the impact of the boundary is based on an isolation by distance (IBD) model and measures the added genetic distance between populations located on different sides of the boundary. We compare this statistic with another estimator of group differentiation (F CT ) computed under an analysis of variance framework that does not assume any particular spatial structure of the populations. Monte Carlo simulations are used to study the behaviour of these statistics under a two-dimensional stepping-stone model. Simulations show that F CT can suggest the existence of a frontier when populations only differ because of IBD. This spurious behaviour is much less frequent for the δa statistic. However, the large variance associated with the δa statistic, and the fact that it should only be computed in the presence of IBD, may limit the use of this statistic. Overall, the origin and the effect of the boundary is best understood by comparing different statistics and by testing for the presence of IBD on each side of the boundary as well as across the boundary. We illustrate our approach by examining the boundary between Afro-Asiatic and Indo-European populations. These populations are globally genetically differentiated, but the effect of the linguistic boundary on gene flow seems geographically very heterogeneous. This boundary appears to be the result of a secondary contact between two differentiation centres rather than an enhancer of population differentiation.
Introduction
Under the isolation by distance (IBD) model, [1] [2] [3] one would expect measures of genetic differentiation at neutral loci to increase with geographic distances. Although this model usually fits short-range migrations between neighbouring populations, the covariation of geographic and genetic distances is revealed by most analyses of world and continental population data. [4] [5] [6] [7] [8] [9] Several studies have indeed revealed a strong correlation between the linguistic and the genetic differentiation of human populations on a worldwide 10, 11 or on a continental 6, 12, 13 scale. In the spatial study of genetic polymorphism, regions of sharp genetic changes often correspond to physical barriers, 14 language boundaries, or to both, indicating a departure from a pure IBD model. [14] [15] [16] [17] The association of linguistic boundaries with increased genetic differences could be due to two different processes: the active contribution of the language boundary in preventing gene flow between linguistic groups, or the allopatric differentiation of linguistic groups which then come into contact, creating a zone of sharp cultural and linguistic variation. Several techniques have been developed to detect the presence of genetic boundaries corresponding to spatial areas where the rate of change of genefrequencies is particularly high. 14, [18] [19] [20] When these boundaries are detected, they are often compared with physical or cultural barriers. The goal is usually to interpret the spatial structure of gene frequencies in the light of known ecological or cultural processes. Several authors have also tried to ascertain the biological impact of linguistic boundaries on the extent of gene flow between populations. 15, 16 The frontiers are here defined a priori and one tests for increased genetic change at these boundaries. We present here a new approach, specifically based on an IBD model, to assess the genetic impact of linguistic boundaries and to determine if they correspond to significant genetic boundaries. We compare this approach with a more conventional hierarchical analysis of genetic structure without assuming any geographic patterning of the populations. We evaluate the power of our method by Monte Carlo simulations and finally apply our methodology to the case of human populations tested for a classical autosomal marker.
Material and methods

Determination of the boundary location
Our methodology does not require one to know the exact location of the linguistic boundary under study. From the geographical location of the sampled points, we construct a set of Voronoi polygons, 21 which correspond to influence areas around each sampling point ( Figure 1 ). The Voronoi diagram is used to find the location of the boundary by searching the edges of the polygons that separate the members of the two linguistic groups.
Segmentation of the boundary
Because the evolutionary processes acting on different portions of the boundary may be heterogeneous, we can divide the boundary into segments of arbitrary size and then independently evaluate the impact of each segment on genetic differentiation. Some portions of the linguistic boundary may indeed act as strong genetic barriers (eg if they correspond to an ecological frontier or if they somewhat restrict gene flow), and some others may not be associated with enhanced genetic differentiation. The goal of this segmentation process is to understand the fine scale genetic processes at work along the boundary.
As the segmentation criterion, we can choose to divide the whole boundary either into a given number of segments or into segments of fixed length. When the number of segments is fixed, the length of each segment is defined such as having an approximately equal number of population samples associated with it.
Evaluation of the genetic impact of the boundary
We first test for a genetic difference between groups defined by the boundary, taken as a whole or in segments, using a hierarchical analysis of molecular variance (AMOVA). 22 The F CT statistic, corresponding to the relative extent of total genetic variance due to differences between linguistic groups, is estimated from the data and then tested by a nonparametric approach consisting in permuting populations among groups. 22, 23 Our second approach estimates whether populations separated by the boundary show increased genetic distances compared with populations separated by the same geographical distance, but located on the same side of the boundary. An estimator δa of the additional intergroup distance is computed from a regression model of genetic distances on geographic distances, and it is tested by a permutation procedure. The model we propose here assumes that population differences are caused by IBD on both sides of the boundary. Therefore, it is necessary to fit an IBD model to each language group. It has been shown 24 that in a 2D stepping-stone model of population structure where IBD occurs, we should expect an approximately linear relationship between genetic distances computed as F ST / (1 -F ST ) and the logarithm of the geographic distances between populations. We have thus chosen to proceed further in our evaluation of the impact of the boundary only if the Mantel correlation 25 between genetics and geography is significant in at least one of the two language groups. Under the null hypothesis of an absence of a boundary effect we would expect similar genetic distances between populations located at a given geographic distance, irrespective of their location relative to the boundary. Therefore, we propose to perform separate regressions of genetic distances on geographical distances at the within-group and at the intergroup levels, and to measure the difference in the Y-axis intercepts of the two regressions as δa = a inter -a intra ( Figure 2 ).
Figure 1 Example of a Voronoi diagram:
A plane with n points is partitioned into n convex polygons such that every point within a given polygon is closer to its central point than to the central point of any other polygon.
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More formally, we evaluate intra group regression coefficients b intra and a intra from the relationship
If the boundary increases the genetic distances between populations on different sides, the inter-group regression coefficient a inter estimated from the relationship
will exceed a intra . The δa statistic thus directly provides an estimation of the additional genetic distance due to the boundary effect. Statistical significance of the δa statistic is evaluated by randomly allocating populations to a given group (a permutation procedure), and recomputing the δa statistic after each permutation round in order to get its null distribution. The P value of the δa statistic is obtained at the fraction of the cases where a random δa value is equal to or larger than the observation.
Simulation study
We have compared the behaviour of the F CT and δa statistics by Monte Carlo simulations. Using a coalescent approach, 26 we have simulated the genealogies of two groups of 18 demes arranged on a 2D 6 ϫ 6 flat stepping-stone grid. The migration rates between neighbouring demes within a group where uniform and constant in time, and usually larger than the migration rates between neighbouring demes of different groups. The geographic distances between demes were computed as Manhattan block distances on the 2D grid. Ten DNA sequences of 200 base pairs were simulated for each deme. The size of each deme was fixed to 10 000 haploid individuals and the mutation rate to 6 ϫ 10 -4 per sequence per generation. For each simulated sequence genealogy, Poisson-distributed mutations were then introduced on to the realised genealogical tree, starting from the most recent common ancestor of all 360 sequences. Table 1 shows the results of different simulated migration schemes between neighbouring populations to study the effect of IBD on the performance of the F CT and the δa statistics. For each set of demographic parameters, we simulated 1000 coalescent processes with mutations in order to get the empirical distribution of the δa and the F CT statistics. The significance of the two statistics was further obtained by 1000 permutations of populations between groups for each of the 1000 cases.
Results
Simulation study
The average correlation coefficients between F ST /(1 -F ST ) and the logarithm of the geographic distances between populations located on each side of the simulated boundary are given in Table 1 , together with their standard deviations and the fraction of cases with evidence for IBD. A pattern of IBD is clearly detected for populations exchanging one or fewer migrants per generation (Nm ≤ 1). For intra-group Nm values larger than 10, the correlation is low but still significant in slightly more than one-third of the simulations, showing that a geographical structure is maintained despite high levels of gene flow. The F CT statistic was found significant in almost all the simulations. The F CT mean value increases with the ratio of the intra-group over inter-group migration rates, but it is also dependent on the absolute value of Nm between groups.
The behaviour of the δa statistic is different from that of F CT in several respects. First, its variance is always larger. Table 1 .
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Second, when Nm = 1 (cases 1 and 3), δa appears to perform better than F CT in the sense that its average value is low, and the number of significant tests is much lower than for F CT , as it should be for a weak barrier to gene flow. It is interesting to note that in the absence of any boundary (case 3), F CT still indicates a clear differentiation of the two groups, which wrongly suggests the presence of a significant boundary. This counter-intuitive result is only due to the effect of IBD: populations from different groups are indeed genetically more divergent because they are farther apart. The δa statistic shows here much less significant cases (22%) than F CT (95.2%), because it takes IBD into account, whereas F CT does not.
Application to human populations of Eurasia and Africa
We have studied the linguistic boundary between AfroAsiatic and Indo-European populations tested for the serological RH system. We have used the RH system despite its low level of polymorphism because it has been tested in many populations and thus provides a quite uniform spatial distribution of the population samples of the two linguistic groups under investigation.
We have selected 58 Afro-Asiatic and 100 Indo-European samples for the present study ( Figure 3 ) from a worldwide database containing about 600 population samples tested for the RH system. 27 We have arbitrarily divided the linguistic boundary into five segments. Our segmentation choice is a compromise between the division of the boundary into very small portions which would allow study of fine-scale genetic processes along the boundary, and the need for a sufficient number of populations associated with each segment in order to be able to perform meaningful statistical analyses.
A pattern of IBD is observed for most groups of populations located on either side of the linguistic boundary ( Table 2 ). The only exception is represented by the groups located on either side of the fifth segment, making it meaningless to compute the δa statistic in that case. The values and the significance of the F CT and δa statistics (Table 2) are remarkably similar for the whole boundary and for each segment, except for segment 3. In this case, the two statistics give contradictory results; the value of δa is high and significant, but the F CT statistic is not significant at the 5% level. This difference seems due to the lack of applicability of our regression model to the inter-group distances. The slope computed within each group population (b intra ) is always found to be significantly different from an unconstrained slope b inter : the 95% confidence intervals of the unconstrained slopes b intra and b inter estimated by bootstrap were never found to overlap (see Table 2 and Figure 4) . The values of the statistics associated with the first three segments ( Figure 3 , Table 2 ) superimposed on the Mediterranean sea show that this ecological barrier does not act as a major isolating factor, in agreement with previous studies. 20 In the Middle East (segment 4), the linguistic groups are significantly differentiated despite the absence of apparent ecological barriers. The strongest boundary separates the Afro-Asiatic populations of East Africa and the Indo-European populations of south-western Asia and India.
Discussion
In this paper, we examined linguistic boundaries for their impact on the genetic differentiation of populations located on different sides of the boundary. We propose a new statistic δa to quantify the additional genetic distances that can be attributed to the boundary under an IBD model. Simulations e Number of cases out of 1000 where the significance of the δa statistic was tested, because the hypothesis of IBD within-group was retained in at least one of the two groups;
f Fraction of significant cases at the 5% level, out of the number of tested cases shown in the previous column.
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show that this new statistic identifies the effect of putative barriers to gene flow more precisely than F CT . However, the δa statistic is only meaningful if the assumption of IBD holds both within and between groups of populations. Under this assumption, the additional genetic distance observed between populations located on different sides of the boundary could be attributed to reduced gene flow across the boundary, thus enhancing genetic divergence between the groups.
It seems therefore possible to understand the origin of a linguistic boundary, and to differentiate an active barrier from a mere boundary resulting from a secondary contact, by computing the δa statistic and verifying that the assumptions of IBD are met both within and between groups. We can 0.1 0.7 n/a n/a 0.281*** n/a *0.01 < P < 0.05; **0.001 < P < 0.01; ***P < 0.001; n/a: not available; a Proportion of genetic variance explained by geography, obtained as the squared correlation coefficient between genetic and geography distance matrices. (1) the δa statistic is not significant, implying that the boundary does not act in reducing gene flow or that it is too recent to have resulted in measurable population differentiation;
2) the δa statistic is significant, but either the IBD model is rejected when comparing populations from different groups or the slopes of the within-group and betweengroups regressions are different. In both cases, the necessary assumptions are not met; suggesting that differences between groups are due to secondary contacts;
3) the δa statistic is significant, and the IBD model is accepted both within and between groups, suggesting that the boundary actually contributes to prevent gene flow.
The computation of the F CT statistic and its comparison with δa can also be useful in understanding the evolutionary forces at work in a given region. Simulations show that the F CT statistic can reveal significant differences between groups of populations in the absence of any boundary but in the presence of IBD (case 3, Table 1 ). In most cases, the comparison of the F CT to δa should allow us to resolve this ambiguity. We see that no single summary statistic is enough to understand fully the processes involved in the origin and the maintenance of a genetic barrier. The approach we advocate here is thus plural. The results obtained using different statistics should be compared with each other, and the assumptions underlying the IBD model should always be verified and tested.
Several features of the linguistic boundary between speakers of Indo-European and Afro-Asiatic languages seem to emerge. First, the effect of the boundary on genetic distances seems quite heterogeneous, especially in the middle section of the boundary. The Mediterranean Sea does not seem to represent a strong barrier to gene flow, as is documented for historical times, with the development of commercial routes between the northern and southern part of the Mediterranean Sea. 28, 29 Second, the present linguistic boundary seems mainly to be the result of a secondary contact between two differentiation centres, rather than being an obstacle to gene flow between the different sides of the boundary. This interpretation is supported by the fact that observed IBD within linguistic groups does not hold between groups ( Table 2 ). The present approach could be applied to other linguistic boundaries to see if they also result from secondary contacts, as previously suggested. 4, 14, 30, 31 Although our method has been developed to study linguistic boundaries between human populations, it could be used to study the impact of other types of boundary in different organisms. The biological interpretation of the δa statistic in terms of reduced gene flow through a boundary would certainly better apply to physical barriers like mountains, rivers or deserts. The linear regression model we have used here to quantify the influence of a given boundary permits incorporation of spatial constraints when comparing the genetic constitution of two groups of populations. More realistic models could certainly be envisioned. For instance, it Impact of linguistic boundaries on gene flow I Dupanloup de Ceuninck et al y would certainly be more realistic to assume that the boundary has more influence on populations in its vicinity, and thus to use a model with a decreasing effect of the boundary with geographic distance.
